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SUMMARY

The primary objective of this project is to develop and apply improved statistical methodologies for
relating seismic magnitudes to explosion yields, treating both magnitudes and yields as uncertain vari-
ables and using the censored yields in !he yield estimation procedure. Durng the past two years, our
major efforts have been

[A] Measure the teleseismic P-wave magnitudes of historical Soviet explosions as well as explosions
from other foreign test sites recorded at the optimal distance range from 200 to 950.

[B] Perform various statistical analyses of the raw mb and obtain the optimal network n% values.
Coniduct the maximum-likelihood magnitude-yield regressions and analyze the source-depth scal-
ing relationship.

[C] Conduct a theoretical study to investigate relevant issues. Improve and document the statistical as
well as the forward-modeling tools currently in use.

Five technical reports were submitted during the contract period (Aug 1991 - Nov 1993):

(1) TGAL-92-05, "Path-corrected body-wave magnitudes and yield estimates of Semipalatinsk explo-
sions"..

(2) TGAL-92-1 1, "Simultaneous inversion of explosion size and path attenuation parameter with cru-
stal phases".

(3) TGAL-93-06, "User's manual of FD2: a software package for modeling seismological problems
with 2-dimensional linear finite-difference method".

(4) TGAL-93-07, "Statistical characterization of rugged propagation paths with application to Rg
scattering study".

(5) TGAL-93-05, "Statistical study of Soviet nuclear explosions: lata, results, and software tools".

This final report, TGAL-93-05, summarizes our updated results obtained under Task [B] using the
data collected under Task [A]. We also give detailed descriptions of several key algorithms of our
software tools. Sample scripts and examples are furnished for these routines. The forward-modeling
package, "fd2" updated under Task [C] is documented in two accompanying reports, TGAL-93-06 and
TGAL-93-07.

Our database of station mb values based on short-period vertical-component (SPZ) recordings of
nuclear explosions has been expanded to 252 events located at a variety of test sites. 16,716 carefully
measured station magnitudes, along with 10,055 noise measurements and 2,004 clipped measurements,
were fed into a maximum-likelihood inversion scheme which simultaneously determines the event size
and the station correction, as well as the specific path correction for each source-station pair. The
simultaneously-inferred path and station corrections are related to known geological/geophysical
features. Applying these path and station corrections to the raw station magnitudes of any individual
explosion yields a systematic reduction in the fluctuational variation of station magnitudes across the
whole network with a reduction factor ranging from 1.2 to 3 for all Soviet events in our data set. Most
Novaya Zemlya events exhibit a variation reduction factor of 2. With these path-corrected/station-
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corrected mb(Pma,), the mrb(P,.J)-mb(LP)[NORSAR] bias between the southwest and northeast subre-

gions of the Soviet's Balapan test site is assessed as 0.07 magnitude unit (m.u.], which is significantly

smaller than that of previous studies. This bias can be further reduced somewhat when the mb based

on the first motion, mb(P 8), is used. First motion of the initial short-period P waves also appears to be a

very favorable source measure for explosions fired in hard rock sites underlain by a stable mantle such

as Semipalatinsk. For example, based on mb(Pa) alone and without any extra cratering-to-contained

correction, the Balapan explosion of Jan 15, 1965, is estimated to have a yield of 120 kt. The mb(Ph) -

based yield estimate for the JVE event of Sep 14, 1988, is 112 kt. Between 100 and 150 kt, the mb bias

between Eastern Kazakh and NTS using our mb(Pmax) values is 0.35 m.u. Along with other software

tools developed under this project, the explosion mb dataset is being installed at CSS.
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1. INTRODUCTION

The primary objective of this project is to develop and apply improved statistical methodologies for
relating seismic magnitudes to explosion yields, treating both the magnitudes and yields as uncertain
variables and using censored yields in the yield estimation procedure. During the past two years, our
major efforts have been
[A) Measure the teleseismic P-wave magnitudes of historical Soviet explosions as well as explosions
from other foreign test sites recorded at the optimal distance range from 200 to 950.
[B] Perform various statistical analyses of the raw mb and obtain the optimal network nmi values. Con-
duct the maximum-likelihood magnitude-yield regressions and analyze the source-depth scaling relation-
ship.
[C] Conduct a theoretical study to investigate relevant issues. Improve and document the statistical as
well as the forward-modeling tools currently in use.

This final report summarizes our updated results obtained under Task [B] using the data collected
under Task [A]. We also present detailed descriptions of several key algorithms of our software tools

developed under Task [C]. 1 Sample scripts and examples are furnished for these routines. That is, we
not only present our interpretation of these data, we also explain how the analyses were carried out.
Thus this report is actually a combination of a technical summary, a programmer's guide, and a user's
manual. Key routines covered in this report are

(1] getmag: a routine for computing station magnitudes,
[2] emils (domle): a single-event maximum-likelihood estimator,
[3] mlglm: the maximum-likelihood general linear model,
[4] geomap: a map-plotting routine,
[5] dwlsq (doisq3): magnitude-yield regression with uncertain x and y,
[6] guessO: time-domain determination of L. attenuation coefficient,
[7] domle2: linear regression with censored y.

Under Task [A] we have accumulated 28,775 carefully-measured explosion mb values for nuclear
tests from a variety of regions, with new data primarily from WWSSN [World Wide Standard Seismo-
graph Network] recordings of Soviet nuclear tests. During the past three years, our database of station
mb values based on short-period vertical-component (SPZ) recordings of body waves has been
expanded from 112 events to 252 events from a variety of regions (cf. Table 1). It consists of 744
usable "a" (i.e., zero-crossing to first peak), "b" (i.e., first peak to first trough), and "max" (i.e., max

peak-to-trough or trough-to-peak in the first 5 seconds) event phases.2 Between the distance range of
200 and 950, there are 16,716 carefully measured signals along with 10,055 noisy measurements and
2,004 clipped measurements. The WWSSN network is still very valuable, because it provides data with
a uniform instrument response recorded over a long time span and with good distribution around all test
sites.

1 Our forward-modeling package, fd2, developed under Task [CJ is documented in an accompanying report, TGAL-93-6.
2 11 "a" and 1 "b" phases are not available (cf. Table 3), and hence only 744 = 3 x 252 - 12 phases are used in this

study.



Table 1. Explosion mb Database
01 Jan 90 31 Dec 92 Nuclear Test Site

19 38 Nevada Test Site, U.S.A.
6 6 Outside Nevada Test Site, U.S.A.
3 3 Amchitka Island, Aleutians, U.S.A.
11 11 Azgir, U.S.S.R.
0 8 Orenburg, U.S.S.R.
1 2 "PNE", U.S.S.R.
0 14 Murzhik (Konystan), E. Kazakh
9 21 Degelen Mountain, E. Kazakh
12 79 Balapan (Shagan River), E. Kazakh
18 30 Northern Novaya Zemlya
6 6 Southern Novaya Zemlya
9 9 Ahaggar, French Sahara
11 11 Tuamoto Islands, France
1 1 Rajasthan, India
6 13 Lop Nor, Sinkiang

112 252 (Total)

The 28,775 station magnitudes have been fed into a maximum-likelihood inversion scheme which
simultaneously determines the event size and the station correction, as well as the specific path correc-
tion for each source-station pair. The simultaneously-inferred path and station corrections are related to
known geological/geophysical features. Applying these path and station corrections to the raw station
magnitudes of any individual explosion yields a systematic reduction in the fluctuational variation of sta-
tion magnitudes across the whole network with a reduction factor ranging from 1.2 to 3 for all Soviet
events in our data set. Most Novaya Zemlya events exhibit a variation reduction factor of 2. With these
path-corrected/station-corrected mb(Pr), the mb(Pr,)-mb(Lg)(NORSAR] bias between the
southwest and northeast subregions of the Soviet',- Balapan test site is assessed as 0.07 magnitude unit
[m.u.], which is significantly smaller than that of previous studies. This bias can be further reduced
somewhat when the mb based on the first motion, mb(Pa), is used. First motion of the initial short-
period P waves also appears to be a very favorable source measure for explosions fired in hard rock
sites underlain by a stable mantle such as Semipalatinsk. For example, based on mb(P.) alone and
without any extra cratering-to-contained correction, the Balapan explosion of Jan 15, 1965, is estimated
to have a yield of 119 kt. The mb(Pa) -based yield estimate for the JVE event of Sep 14, 1988, is 112
kt. Between 100 and 150 kt, the mb bias between Eastern Kazakh and NTS using our mb(Pm) values

is 0.35 m.u.
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2. STATION MAGNITUDE COMPUTATION: getmag

"getnag" computes several types of magnitudes with a typical command of the following form:

g.o" -Pha.. I-a Afp&dj I-p Peo•) [-ph Phase) 1-e Onpq i-& S&awn]

All the arguments required are read through the command line. The arguments include the displacement
amplitude (-a) in nm, the period (-p) in seconds, the phase name (-ph) (e.g., mb, Ms. L9, PS), the ori-
gin information (-o) which includes the epicenter and the event name. Each phase has a specific formula
for determining the magnitude, and hence different arguments might be required. The formulae are
described briefly in the following:
[1] mb - log(AlT) + B(A) for 200 < A < 950, where B(A) is the distance normalizer derived by Veith and

Clawson (1972).

[21 mb (Pn ) " log(A) + 2.42 log(A) - 3.95 for A < 10° (cf. Vergino and Mensing, 1990).

[31 P-wave spectral magnitude, PS m log(A) + 0.5 logWtan(Io)/sin(A)] + 0.5 log [d(Io)/d(A)J for 20° < A <
1000 (cf. Bullen and Bolt, 1985). The take-off angle, 1o, Is approximated by a fourth order polynomial in
A (cf. Rivers et al., 1980)

[4] For Ms, two different formulae are used:
If A > 25°, Ms m log(A/T) + 1.66 log(A) + 3.30 (cf. IASPEI, 1967).
If 10° < A < 250, Ms - log(A/T) + 1.07 log(A) + 4.16 (cf. Nutti and Kim, 1975).

151 For mb(Lv), Jih and Lynnes (1993) suggest the following formula:

mb(L 9 ) a 4.0272 + logA(A) + log(A) + -1log[sin( A(km) ) + nA-10 [km)

12 111. 1(krvd-eg) In(1 0)(1
Although it might appear to be different from most other formulae in use, this equation is actually
equivalent to Nuttli's (1986ab, 1987) and it is more convenient to use. For instance, a seismic source
with 1-sec L. amplitude of 110 g~m at 10 km epicentral distance would correspond to a mb(Lg) of
4.0272 + 2.0414 + 0.3333 - 1.4019 + 0.0000 = 5.000, the same value that Nuttlis original 2-step formu-
lae would give. The 00 and -1 values built into the code "getrnag" are listed in Section 6.

Example

Sample calls of "getmag" such as

getnag -mb -a Z3 -o 60.0 78.8 Event 1 -s GUA -p 0.9 -ph Pa
getmag -Ms -a 400 -s BKS -p 20.0 -o 370 -170.0 Event 2 -ph LR
getniag -PS -a 100 -o 37-10 Event_3 -s TUC -p 21.3 -ph PSPE -x 0.5-2.0
getmag -Lg -a 0.3 -v 3.5 -o 50.0 78.8 Event.4 -s KON -p 0.9 -ph CLg -n 0.0

should give

mb(Pa)= 4.674 -o 60.000 78.800 Event I -a 7.3 -p 0.90 -s GUA -ph Pa
Ms(LR)= 4.216 -o 37.000 -170.000 Event2 -a 400.0 -p 20.0 -s BKS -ph LR
PS(PSPE)= 6.344 -o 37.000 -10.000 Event 3-a 100.000000-s TUC -ph PSPE-x O.5-2.0
mb(CLg)= 4.201 -o 50.000 78.800 Event_4 -a 0.3 -p 0.90 -v 3.50 -s KON -ph CLg -00 7W-eta 0.40

3



3. SINGLE-EVENT MAXIMUM-LIKELIHOOD ESTIMATOR: emlls (domle)

The problem of estimating body-wave magnitudes (mb) using amplitudes read at a number of

recording stations is frequently complicated by the fact that the data may be heavily censored. This

arises either because of clipping, where aN amplitudes can be determined only to exceed a given lower

bound (i.e. the right-censored case in statistical terms), or because the signals are weaker than the

ambient noise level and hence are not detected (i.e. the left-censored case). If one simply averages the

magnitudes for those stations which detected an event, without regard for those that clipped or did not
record, serious biases may result in the event magnitude estimated.

For single-event network mb determination, at least three types of station magnitude ought to be

considered:

10] the station magnitude, X, is known as x0,

[1] X is only known to be less than certain level, say, tj,

[2] X is only known to be larger than certain level, say, t2.

We assume that the observed station magnitude, X, can be represented as the sum of the unk-

nown event magnitude, Ig, and a perturbing random noise, v,

X=l.L+v [21

where v is assumed to be a Gaussian random variable with mean zero and standard deviation a.

Elegant maximum-likelihood theory can be derived for this linear model. Suppose there are no, nj, and

n2 station recordings for each type, respectively. The conditional likelihood function of the censored
observations ( X0, tj, t2) given the network magnitude Ig and a is

% n1  r 2L( Xo, ti, t2 119, ) =]-P()q= X011g,o) a 'nP( Xj<tijl t,() ar-nP()ý.>t~lig,a;) , [31

1=1 j=1 j=l

and the log-likelihood function is
1 no nil n2

-2-no in(2,o2)I_ ,CI(X(a-- -,) 2 + Y, In b(zZlj) + YlIn 0(-z2j) [4]In 2L; ( Xo I• t21 j =• 1• -

where z, w (t, - gi )/a ; X0, t1, and t2 are collections of the observed station magnitudes of each type,

respectively, and

u) 1 -uI2  [(xl1Nu() = 2-L-exp(--!), 0(u) =- Lu(~x. [5]

are the probability density function and probability distribution function, respectively, of the standard nor-
mal random variable.

alnL
Solving -9- . 0 implies that 6, the optimal estimate of a, must satisfy the following necessary

condition:

4



no

z(x•i - P )2

&2= i, 
[61"n, V(z,) n2• #42) z6

no + z1  i -

Solving i ,-0 implies that I. the optimal estimate of p, must satisfy the following necessary

condition:
n, V• z ,,) n2 #(Z 2,)no Y xoi - -- + o. - -:•[7]

Adding (n, + n2) 1 to both sides of [6], and then dividing both sides by (no + n, + n2) yields
1 O n1  --4(l) ' •Z~)

no nno + n + n2  
V1 [(8)

1

The right-hand side of Equation [7] happens to be the sample mean of "all" data with the censored
measurements replaced by their corresponding best fill-in (see Appendix):

1 no n 1
(0nn E [ X I X=xoI]+ Y, E [ X I X <[tiJ] + Y E [ X I X>t2i]). [9

rno+n,+n2 ji- i. )-

Consequently, within the context of Gaussian assumption, one can translate those seemingly not-that-
precise statements of X > t or X < t into quantitative constraints which can couple with other measure-
ments of type 0 easily. Thus Equations [81 and [9) provide the theoretical justification of an iteration pro-
cedure to be discussed below.

An iterative procedure called "EM algorithm" [Expectation-MaxImization algorithm] (Dempster
et al., 1977) can be applied to solve for pi and cr in a very straightforward manner. To start the iteration,
one needs an initial guess of a and p. A good initial value of pi is the sample mean of all type-0 station
magnitudes. Since bulletin mb typically exhibits a a (of single observation) around 0.3 magnitude unit,
this value can serve as the initial value of cr. The iteration procedure follows:

[1] Based on the current estimates of IL and a, replace all the censored data with their corresponding
conditional expectations (cf. the right-hand side of Equation [7]). This is the so-called "E step" of
the EM algorithm.

[2] Compute A1 as the sample mean of these "refined observations".

[3] Update the estimate of a using Equations [6].

[41 Repeat [1]-[3] until some convergence criterion is met.

Steps [2] and [31 constitute the "M step" of the EM algorthm. Note that in the non-censoring
case, i.e., n, = n2 = 0, ft and 8 would reduce to the regular sample mean and the RMS residual, respec-
tively:

5



nono
:• Dxo - to' [10]

no no

Example

The algorithm described above has been implemented as a utility program "emils" ("dom/.e'? which
expects to read just two columns of data representing the data type ("_". "<", or ">") and the actual
data. Take Novaya Zemlya event 66300 (October 27, 1966) as an example. Table 2 lists the station
mb(Lg) values of this Novaya Zemlya event based on our mb(Lg) formula (cf. Section 2) as well as the
path corrections we installed (cf. Section 6).

Table 2. Station Recordings of Novaya Zemlya Explosion 66300
Station AO Amplitude [nm] Period [sec] 00 T1 Velocity mb(Lg)

COP 24.57 870.5 1.21 668 0.41 3.5 6.341
KEV 9.48 <1833.6 0.88 249 0.74 3.7 <6.506
NUR 17.22 867.5 1.08 433 0.42 3.6 6.389
STU 31.67 234.3 1.50 550 0.55 3.5 6.514
UME 15.58 1168.2 1.20 397 0.82 3.5 6.525
ESK 29.23 155.7 1.68 463 0.63 3.6 6.423
IST 34.70 49.5 0.93 561 0.64 3.6 6.464

KON 21.91 789.3 1.22 496 0.50 3.6 6.518
TRI 33.38 163.1 2.09 417 0.24 3.6 6.221

"Aipltude measurements furnished by Rivers et aL (1093).

There are 8 good signals and I noisy measurement:

"- = 6.341
"< 6.506

"= 6.389

- 6.514
"= 6.525

= 6.423
= 6.464

"- 6.518

"- 6.221

If the censored recording of 6.506 at the station KEV is ignored, the event magnitude would be
6.424±0.037. The program "emils" gives the maximum-likelihood estimate as 6.420±0.034, using all 9
observations. Basically, what the maximum-likelihood method does is to utilize the censored information
of mb (Lg) (KEV) < 6.506 as an extra constraint to refine the inferred parameter obtained with the stan-
dard least squares. For this event, Nuttli (1988) gave a mb(Lg) of 6.45.

6



4. SIMULTANEOUS INVERSION OF EVENT mb, STATION TERMS, AND PATH CORRECTIONS

4.1 General Concepts of Joint Inversion Model

As described In Section 2, the conventional definition of the station magnitude is computed as

mb - loglo(A/") + B(A) , [11]

where A is the displacement amplitude (in nm) and T is the predominant period (in sec) of the P wave.

The B(A) is the distance-correction term that compensates for the change of P-wave amplitudes with

distance (e.g., Gutenberg and Richter, 1956; Veith and Clawson, 1972). mn6 in [11] is also denoted as

m, in Marshall et aL (1979). The ISC bulletin m6 Is just the network average of these raw station nb
values without any further adjustment. That is, we assume a linear model as the following:

mb()=E+v(j) , [12]

where mb () Is the station magnitude recorded at the station I for the event of size E, and v is the ran-

dom perturbing term.

Now consider NE explosions detonated at NF source regions that are recorded at some or all of Ns

stations. In LSMF [Least squares Matrix Factorization] and the standard GLM [General Linear Model]

schemes (e.g., Douglas, 1966; Blandford and Shumway, 1982; Marshal et al., 1984; Lilwall et al.,

1988; Jih and Shumway, 1989; Murphy et al., 1989). it is assumed that the observed station mb (i,j) is

the sum of the true source size of the i-th event, E(i), the receiver term of the j-th station, SO), and the

random noise, v(i,j):

mb (i,j) = E(i) + S(D + v(ij) , [13]

The receiver term, SO), is constant with respect to all explosions from different test sites, and hence it
would inherently reflect the "averaged" receiver effect - provided the paths reaching the station have

broad azimuthal coverage. When world-wide explosions are used, the standard deviation (a) of the

noise v in [13] is typically around 0.3 m.u.

If LSMF or GLM is applied to events within a smaller area of source region, then the o of v in [13!

could reduce to 0.15-0.2 m.u. However, the result of such "single-test-site GLM" approach should be
interpreted or utilized cautiously. The event mb values (i.e., the "E" term in [13]) so determined are

excellent estimates of the "relative source size" for that test site only. If this "single-test-site GLM"
inversion is applied to several test sites separately, it may not be easy or obvious to find a consistent

baseline for estimating the "absolute yield", since the recording network is typically different from one

test site to another, and hence the station terms are inevitably inconsistent. Furthermore, the station

terms derived by the "single-test-site GLM" may not necessarily represent the attenuation underneath

the receiver side alone. They could be "contaminated" or sometimes even overwhelmed by the

path/near-source effects shared by the explosions confined in a narrow azimuthal range. This could

explain the once puzzling and controversial phenomenon Butler and Ruff (1980) (also Butler, 1981; Bur-

dick, 1981) reported, namely that using Soviet explosions from one test site alone may fail to discern the

attenuation differential between the eastern and western U.S. There is no doubt, however, that the GLM

or LSMF type of methodology can infer the station terms which are strongly correlated with the upper

mantle attenuation underneath the stations, provided the seismic sources have a broad spatial coverage
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as did those in North (1977), Douglas and Marshall (1983), Lilwall and Neary (1985), Ringdal (1986), Jih

and Wagner (1991), and many others. The event magnitude derived with Equation [3] is hereby denoted

as M2.2 . In Marshall et aL (1979), a prori information about the P, velocity underneath each station is

used to determine its associated "deterministic" receiver correction, S(j), and the network-averaged

magnitude based on the station-corrected magnitudes is called m 2 . The receiver corrections as derived

in Equation [31, however, are inferred jointly from a suite of event-station pairs, and no a prori geophy-

sical or geological condition is assumed (and hence the different notation m2.2 ). The high correlation

between the tectonic type and the GLM station terms suggests that the empirical station corrections do

reflect the averaged upper mantle conditions underneath the receivers, if the azimuthal coverage at each

station is broad enough.

Jih and Wagner (1992ab) propose to reformulate the whole model [131 as

mb (ij) = E(i) + S(j) + F(k,j) + v(i,j) , [141

where F(kj) is the correction term at the j-th station for the propagation effect or the near-source

focusing/defocusing effect, which is constant for all events (including this ith event) in the k-th "geologi-

cally and geophysically uniform region". For each seismic station, this F can be regarded as its azimu-

thal variation around the mean station term S. However, as explained previously, it would be more

appropriate to consider F the path or near-source term because the back azimuths at the station could

be nearly identical for adjacent test sites (such as Degelen and Murzhik), and yet the "F" terms could be
very different. By incorporating t'-- F term into the model, the a for world-wide explosions is reduced to

about 0.2, roughly the same level that which a "single-test-site GLM" could achieve. Intuitively, the
present scheme (Equation [14]) provides a more detailed (and hence better) model than that of Equation

[4] in describing the whole propagation path from the source towards the receiver. Simply put, Equation

[131 yields a stronger fluctuation in the source terms, E, as well as a larger standard deviation of v

because each term in the right-hand side of Equation [131 would have to "absorb" part of the missing F

term. The resulting new event magnitude (viz., E(i) in [14]) is hereby called M2.9 to avoid confusion
with the M3 defined in Marshall et al. (1979) that corrects for the source-region attenuation and station

terms solely based on published P. velocity.

Roughly speaking, the model described in [14J has the following advantages:

"* It provides more stable mb measurements across the whole recording network, as compared to

the conventional GLM or LSMF procedure which only corrects for the station terms. The reduction
in the standard deviation of network mb from M, to M2.9 could reach a factor of nearly 3. As a

result, the scatter in n2.9 versus log(yield) is smaller than that for other mbb.

"* The separation of the path effect from the station effect is a crucial step to investigate the various

propagation phenomena, which in turn would improve our understanding of the seismic source as

well.

We have applied this model to 252 worldwide explosions, and the resulting M2.9 values of these

explosions are listed in Table 3. The 132 stations are selected such that each station records 10 or

more good explosion signals. There are relatively fewer explosions recorded at the modern digital

stations/networks. As a result, WWSSN is still the core recording network. In this data set, there are

16,716 signals, 10,055 noise measurements, and 2,004 clipped measurements from 18 test sites that
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are used to invert for the 3,269 unknown parameters with the maximum-likelihood approach. The stan-

dard deviation of v(iQj) in [14] is 0.189, as compared to that of 0.281 if the conventional GLM (Equation

[131) is applied to the same data set. The algorithm and sample input files are described in the next sec-

tion.

4.2 Maximum-likellhood General Unear Model: mlglm

"miglm" simultaneously inverts for the maximum-likelihood estimate of event magnitudes and sta-

tion corrections, as well as the path terms with a data set of which some stations might fail to detect the
signal (due to the noise contamination) or might be clipped due to the limited dynamic range. It

assumes a general linear model [GLMJ of the form:

X(ij) = E(i) + S(j) + F(k,j) + v(i,j) [15]

where E(i), SO), and F(k,j) are the unknown source size of the i-th event, the station term at the j-th sta-

tion, and the propagation effect from k-th test site (at which the l-th event is located) to the J-th station,
respectively. X (ij) is the observed station magnitude of event i as observed at the station J. The pro-

gram also has an option to solve for E(i) and SO) for a simpler linear model:

X(i,D = E(i) + SO) + v(ij) (161

Here we assume that there are four types of data available:

[01 the observed magnitude, X, is known as xo,

[1] X is only known to be less than certain level,

[2] X is only known to be larger than certain level, and

[3] X is missing.

As discussed in the previous section, the resulting event magnitude, E(i), in Equations [151 and

[16] is called M2.9 and M2.2 , respectively.

Sample Input Flies

"migIm" reads in a file "Events" which specifies the input parameters as well as all the event files

that will be required in the GLM inversion.

# 1-- give output fle name

GLM test
#2-- give label

Testing sage. geotechbkisg~lrrdtm, 051393

#3-- estimator 10,3LSMF, 1,4--LE (recommended), 2,5=ILS]

1
#4-- how many events should a good station record? (1, 2, 3, ... )

2
#5-- give distance flag A acceptable distance window

1 20.00 95.000
#6-- choose terse level (0,1,2,...)

1

83230.160958.nz.pmax NZ830818 73.38n 54.91e NNZ

83268.130957.nz.pmax NZ830925 73.35n 54.50e NNZ
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842M.062957nz.pmax N84 1025 7137n 54.96. NNZ
87214.01598.nMzpmax N387O0 7334n 54.b ?*NZ
8U2.224958.nzsmax NZ807 7136n 54.44. NMZ
88339.061953.nz.pmax NZSla4 73.30n 56.00. NNZ

The first portion of the Input parameter file Is self-explanatory. There are actually 6 estimators to

choose from:

0 --N ao-*t i 2.2 .* LSAF (Equmwn t11P
I ,,, SCMn M22 w-hALE (Equaoon [16.D
2 -Xcý eo0dg in22 W*h ". (EqLVWn 116))
3 -Co aoft M2.9 ,** LSAF (Equution (15)

4 -- > saAn m7 wi , AIE (E*sW.,, 151))
5 M.. dgW Mr2.9 i*h 1LS (Eque•, (15)D

Estimators 0 through 2 are suitable for the case of a single test site, or I the path effects from

different test sites are to be ignored. Estimators 3 through 5 are suitable for the case of muitiple test

sites. The maximum-likellhood estimator [MLEJ has received more attention than has the alternate

method of the iterative least squares [ILS]. The methodological similarities and differences between

these two methods are discussed in detail In Jih and Shumway (1989).

Each of the remaining Ones In the input file specifies the event file name, date, event name, geo-

detic coordinate of the event, and the test site with free format (no quotation marks!).

Each event file (e.g., 83230.160958.nz.pmax) contains a list of stations as well as the correspond-

ing measurement with format (a6,al ,f5.3) as shown In the following sample file:

ALQ >5.113
ANMO <5.274
BJI 5.411
BKS 5.688
SOD 6.040
KMU 9.555#-toberejecod

Any fields after the 12th byte are generally ignored except when the 14th byte is a 'W' sign. In that

case, this record will be totally rejected. This feature Is especially useful when quality control is Imposed

on of the input data.

The routine also needs a listing of stations (called 'List') in the free format (thus the station codes

must be in quotes!). Only 3 columns are needed. GLM will stop and remind the user If the coordinate

of a station is missing or If some event has no signal at all.

"1AAE" 9.0291660 38.765556
"AAM" 42.299721 -83.656113
"AKU" 65.686668 -18.106667
"ALQ" 34.942501 -106.457497
"ANMO" 34.946194 -106.456665
"1ANTO' 39.900002 32.783333
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4.3 Iteration Procedure

Equations [15] and [16] are special cases of general linear models [GLM]. An iterative procedure

based on the EM algorithm is presented below. The basic ideas are very similar to those underlying the

single-event network averaging presented in Section 3.

Step 0
Set up initial conditions as follows:
[1] c - 0.3 magnitude unit,

12]S(j) S 0forj= 1,2...., Ns,

[3] F(k,j) m 0 for j = 1, 2,.... NS, and k = 1, 2,..., NF,
Step 1

Compute event magnitudes, E(i), for i - 1 .... NE as

E(Q = -J• .,[X(iI) - SO) - F(k.j)],

where #0) is the number of stations that "recorded" the event i.

Step 2
Compute station corrections, S(j), for j - 1,..., Ns as

1 .

SW = -- [X(i,j) - E(i) - F(k,i)1,

where #(i) is the number of events "recorded" at station j.
Step 3

Compute path corrections, F(kj), for j = 1..., Ns; k - 1,..., NF as

F(k = I) .X(ij) - E(i) - S(j)],

where #( (k,j) ) is the number of paths from the test site k (where the event i is located) to the sta-
tion j. This step is skipped if options 0 through 2 are chosen. Consequently, F(k, j) will remain 0

for all k and j when M2.2 is the desired event magnitude.

Step 4
Remove the mean of S(j) from each station term so that S O(j) = 0.

Step 5
For each source-station pair, (i, j), compute g(ij) a E(i) + S(j) + F(k,j).

Step 6
For estimators 1 and 4, compute a(MLE) via

no
j% _-p )2

J=2 , [171
no + E., zli - z2j

i=1 i(zli) =- (- 2j)

For estimators 2 and 5, compute a(ILS) via

11



ZDx~o1)
"n, z, n 181

no +n, + D-,,j- - - z21)

where 74 a (ti - A )1o ; Xo, ti, and t2 are collections of the observed station magnitudes of each
type, respectively, and

ONu) * eXP ) , 40(u).x Lx)dx

are the probability density function and probability distribution function, respectively, of the stan-
dard normal random variable.
For estimators 0 and 3, [171 and (181 would be equally applicable since n, - ni2 - 0.

Step 7
Replace censored and missing observations X(ij) with the corresponding conditional expectations:

For type-1 paths: E X I X < tl 04=- 0

For type-2 paths: E [X I X > t1J= + a N_--)

For type-3 paths: E [ X I X is missing I " Wi-j) = E(i) + S(j) + F(k,j)

These conditional expectations are then used as X(iJ) in steps 1 through 3.
Step 8

Repeat steps [1]-[7) to update E, S, F, and a until convergence.

In the first iteration, only type 0 data are used in steps 1 through 3. Starting from the second loop,
however, all types of observations are used with censored data replaced by their corresponding "refined
pseudo-observations" as desi;.ibed in step 6. In other words, the symbol X(IJ) in steps 1-3 actually
represents the conditional expectation of X given the censoring or non-censoring assumption. For type-
0 data, E [ X I X - xoj I - Xoq, and hence the actually observed magnitude is utilized in each iteration
without change. For other types of data, however, the "expected" observation will be varying as the
iterations proceeds, since the optimal estimate of a and all otf er parameters will change at each step.

Once the "E step" (viz., steps 5 and 7) is executed, the "M step" (viz., steps 1 through 4) in each
iteration loop can be replaced with standard matrix inversion techniques such as Singular Value Decorn-
position, [SVD] or Gaussian elimination method. To do so, type-3 paths should be excluded from step 7.
Numerical algorithms like SVD and Gaussian elimination are called direct methods. However, direct
methods can be impractical if the design matrix is large and sparse. In our case, the linear system
involves 3,269 unknown parameters and 28,775 station magnitudes. For these types of problems, itera-
tive methods are superior to Gaussian elimination and matrix factorization. The largest area for the
application of iterative methods is that of the linear systems arising in the numerical solution of partial
differential equations. Systems of orders 10,000 to 100,000 are not unusual in aerospace sciences,
although the majority of the coefficients of the systems are typically zeros.
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4.4 Example: Running GIM with GeoteCh's Whole Mb WO

The folowing script runs GIM with our whole mb, data set. SWmc we adopted a very restrictive
criterion in screening the stations, some events could have no good signal after the quality Check. The
program "migIm" returns a message indicating that, and t stops. The user can then manually edit the
listing of events to delete such events and then resubmit the GIM job. The folowing script includes a
section to perform this function automaticall, based on R. R. Baumstark's suggestion.

0- sarpt to run GW hinvesin with TOGs whole data set. fibs nodad: Llar, 'EV lisr,
LOOP:
cat << EOF> Events-head
S,1. Give output fie name (a 13) (wN overwrite "GLM~msgr)
GLM out
#2. Give a label (880)
WWSSN mb inversion with OLMf
#3. Choose esdimator (LSWF.0.3. MILE.t,14. ILS:2,5)
4

#4. Ar least how many events s~hould a good stto~n record? (1.2.3....
10
#5. Distance flag (1: on, 0: off) S min. max~ dstance (in dog.) accetable
120.0 95000O
#6. Choose terse level of output (0. 1,2....)
1
EOF
cat Events-head EV iht> Events

#-run migim: N execution not complete error message wouLd stE be IGLU msg'
#indicating some user intervention might be needed.

mlylm3

#- 00 loop (added May 10. 1993, based on Boomers suggestion)
0to delete "bad' events kom, EV AKL and re-nmn "mlglm"

if (-e GLM msg ) then
if (grep 'has nosign,' GL~omsg Iwc 4 0) hen

grep Ias no sqnar GLM msg > FOO
echo Rejectirg Wve 4 FOOlI aw* I print $1)" events wit, no signals:
op EViEst Keep
fboeach bad ( 'aw9* 1pnnt $8) -FOO')

echo' 'rejectng event $bad
awk if ( $11 l"*$bad- ) print $0) -Keep> foe
my too Keep

end
my Keep EV list; an FOO GLM msg
if ( Wo 4 EV istl awk 1pnint $1)"=-=0)tmen

echo NO events left exiting.
exit

endif
echo Rerunning GLOW on reduced data set
goto LOOP

endif
endif
#--- end of OC loop
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4.5 Tables of Resulting Event mb Values

The "migim" program generates six ASCII output buffers in addition to the error message file. The
following script reads one of the GLM output buffers, "Wort.48" and makes a table of mb values sorted
by test sites. The buffers "Wbo.28", 'YoMt.39", and 'Yort.49 fist the resulting station and path corrections
which are also suitable for map plotting purposes (cf. Sections 4.6 and 4.7).

#- Sctpt go ma&e a able ol mb mues

set nonomath

#- wme ft P, Pb, Pmax om 'Wdgkn" output buffer - rt.4
sod-n -e 1,24 Vp'< ko.48> GLM.Pa

sad- -a-e '242.492p"< Ato486> GL•Pb

sod-n-e "49 744p"< t46 GLl&Pmax

#- group events in GLWPmax by she

sod -n -e 7aknend'/Jsho1op"< GLAPmax > US4

sod -n -a 7azg22apq ,jpne29aau74/p" GL&APmax> PNE

sd -n e Ynnz25oc641j&nzftSp75p < GLAPmax > NZ

sad -n -e Ykon 18dwcW/jde22may80p < GLMPmax> Deg+Mzk
sad -n -a Ysek15jan65,lsekjuSp' < GLM.Pmax > Balapan

sad -n -a 7bwyljch21mayn; p"< GLW.Pmax > Oew

nm GLMtPmax

if (-e LIST mb) mn LIST mb

set si.e-( USA PNE NZ Otw Doeg+MA BaIpan)

foreach k ( 1 23456)

8- for each test sift, search Pa A Pb for ech Pmax

foeachi ne (" ' cat $s e " )
set IN., echo $Sne

set ID, echo $lNII)
set SNCE, echo $1N16) $1NM7) $N[S] $1N13]
set mb3' echo $IAV2

(gwp "$10" GLIMPa> WoundI ) > A ld&enul
if (-z foundl ) diw

set mnb?' echo" "

else

set nb 1= Boomer foundl 2'

endif

(grep "$10" GLM.Pb > found2) > & ldeWnull
if ( -z found2 ) U,.n

set mb2- echo "

else

set mb2=' Boomer found2 2'

endif

echo $1D $SNCE $mbl t$mb2 $mb3 >> LIST mb

nn found*

end

un $site[$kJ
end

8--- end of loop on k
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fim GLAr
cat<< I> DO

aw dif"- ,3 9/o38 %3s.%A42f.%4AZ-f24*%4.N ...... < LIST mt > mbt d; i' UST mb
I
csh DO: m DO
and
end

a- nd of lop on m S n
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